We calculate and compare the transition paths from graphite to two types of diamond using the variable cell nudged elastic band method. For the phase transition from graphite to cubic diamond, we analyze in detail how the π bonds transit to the σ bonds in an electronic structure. Meanwhile, a new transition path with a lower energy barrier for the transformation from graphite to hexagonal diamond is discovered. The path has its own peculiar sp 2 -sp 3 bonding configurations, serving as a transition state. Further calculation suggests that the sp 2 -sp 3 transition state represents an expected general phenomenon for cold-compressed graphite.
Introduction
Carbon has a large number of allotropes-graphite, graphene, cubic diamond (CD), hexagonal diamond (HD), carbon nanotube, and so on-because of its ability to form sp-, sp 2 -, and sp 3 -hybridized bonds [1] . The pressure-induced phase transition in carbon attracts significant scientific interest. In particular, the transformation from graphite to diamond is a representative model used in the study of sp 2 to sp 3 bonding changes. The direct transformation from graphite to diamond occurs at high pressure, whereas CD needs a higher temperature than HD [2] [3] [4] [5] [6] [7] [8] [9] [10] . Meanwhile, different experimental methods, such as using static pressure or plastic deformation, may lead to different phenomena [11] . This transformation depends on how graphite changes into CD and HD. Thus, a theoretical study on the transition path and the energy barrier is of great importance in determining the intrinsic formation mechanisms.
In the area of theoretical research, two aspects have been discussed in previous papers. On the one hand, the energy barriers encountered and the reaction paths for going from graphite to CD and HD have been discussed using several methods [12] [13] [14] [15] [16] [17] . However, details of the paths, such as the procedures of the transformation from the π bonds to the σ bonds, remain unclear. On the other hand, some metastable phases of carbon, especially those with both sp 2 and sp 3 bonding configurations, are often seen as phases intermediate between graphite and diamond [18, 19] . However, the authors seldom supply the exact transition paths and the publications lack discussion on the influences on the procedures and products. We study these details using an improved nudged elastic band (NEB) method.
In reaction path research, the minimum energy paths (MEPs) are considered the most likely paths for the reaction. In addition, the highest energy point along the MEP is referred to as the transition state, which is always located at a saddle point on the energy surface. The energy difference between the reactant and the transition state (TS) is defined as the energy barrier.
The NEB method is an effective technique for obtaining the transition state, which is done by gaining knowledge on the reactants and products [20, 21] . However, the NEB method needs the forces acting on the atoms for the calculation and is limited by cellular changes. In view of this, a solid-state nudged elastic band (SSNEB) method [22] has been developed using stress to calculate the force imposed on cells. In addition, the generalized solid-state nudged elastic band [23] method is successful in combining the cell and atomic variables with a Jacobian. However, the Jacobian lacks a definite physical meaning. In this paper, we use real forces and Cartesian coordinates on atoms and obtain the true force and vector matrices on cells following a similar route to the SSNEB method. We have developed an improved NEB method, which is referred to as the variable cell nudged elastic band (VC-NEB) method 4 , in which the atom coordinate transformation acts on the cell force in a non-static process and the equations for true cell forces are improved.
The method
The lattice vector matrix and the volume of a crystal are h = {a, b, c} and = det(h), respectively. The atom coordinates r i (i = 1, 2, . . . , N) are the Cartesian coordinates of the ith atom among N atoms in one cell, and f i represents the fractional coordinates related to the Cartesian coordinates r = fh. Under a hydrostatic pressure P, the enthalpy H = E + P determines the potential energy surface and E is the energy of this structure. Obviously, the enthalpy H is a function of X = (a, b, c; r 1 , r 2 , . . . , r n ) T with 9 + 3N components and the generalized force
The forces on atoms F (r) are calculated as Hellmann-Feynman forces and can be attained by means of routine ab initio calculations. For the variable cell method [22, 24] , the force on the cell is related to the Cauchy stress matrix σ , which is identified as the real stress in a related study [22] :
where I is the unit matrix. However, the partial derivative is calculated at fixed fractional coordinates and this force should be used in the space of lattice vectors and fractional coordinates, (h, f), rather than the space of lattice vectors and Cartesian coordinates (h, r).
For the Cartesian coordinates, there is a transformation:
Thus
. 4 The VC-NEB code is available from G R Qian and is a part of the USPEX code distributed at http://han.ess.sunysb.edu/∼USPEX.
The generalized force, F = (F (h) r , F (r) ), has 9 + 3N elements matching X. This equation can be confirmed by means of the finite numerical difference with an error of less than 0.03 eVÅ −1 . Subsequently, the VC-NEB method is carried out to find MEP in this expanded space.
The calculations in this paper adopt the density functional theory within the local density approximation as implemented in the Vienna ab initio simulation package [25] . The all-electron projector augmented wave method is used, and the 2s 2 2p 2 forms are treated as valence electrons [26] . This simulation involves plane wave basis sets with a cutoff energy of 800 eV. The Brillouin-zone sampling grid is 4 × 6 × 6 in dimension. The climbing image nudged elastic band [21] is used after hundreds of NEB steps to guarantee the saddle points. We use the orbits of the valence bands to analyze how π bonds transit to σ bonds. The electronic structures of the orbits for special bands are calculated using the CASTEP code [27] .
The results
In our VC-NEB calculations, hexagonal graphite (HG) is considered as the initial phase, whereas CD and HD are taken as the final phase. The relaxations of both initial and final structures are performed under the target pressure. We consider the c-axis of graphite as the reference orientation and allow it to coincide with the different orientations of the products. For CD, we calculated the paths with [111] and [112] orientations, as suggested by an earlier study [15] . However, the VC-NEB calculation suggests that the path with [112] orientation for CD is not stable. Moreover, the calculation indicates that the graphite in the final convergent path rotates to make its c-axis coincide with [111] before it transits to CD, because this transition path needs large cell variation and atom movement. Thus, only the path with [111] orientation is adopted in the discussion of the path to CD. For HD, the paths with both [210] and [001] orientations are considered.
For the graphite and the graphite-like structures, the valence band can represent the π bond [28] . For the CD and CD-like structures, the valence bands show sp 3 bonds. Thus, we can use the valence band to show how the π bands transit to σ bands in the path to CD. However, due to HD's symmetry, its sp 3 bonds are of two kinds, matching two separated bands. The two paths with different orientations for HD describe how the original π bonds transit to the two kinds of sp 3 bonds, respectively. Thus, we select the corresponding orbits to describe the transition.
The VC-NEB results suggest that the transition from graphite to the two types of diamond could be divided into three stages: sliding, buckling, and bonding. In the sliding stage, the graphite layers slide at first during the phase transition, just as published papers have pointed out [12] [13] [14] [15] [16] [17] . The original HG slides to form graphite structures of higher symmetry, such as rhombohedral graphite (RG) [12, 15] , orthorhombic graphite (OG) [15] , and A-A stacking graphite (AG) [13] . Both HG and OG have AB stacking-type graphite structure, whereas RG is an ABC stacking graphite structure. Our results further reveal that the stacking sequence of the graphite layers at the end of the sliding stage plays a significant role in the final stacking sequence of the carbon atoms and influences the next two stages, as the initial condition of the buckling stage. Thus, the different paths can be labeled using the graphite structures at the end of the sliding step. CD has only one path, whereas HD has three paths (the O-path, R-path and AA-path). The next step, the buckling step, begins with the compression that leads to the buckling of the graphite layers. In the electronic structure, the original symmetrical π bonds become asymmetrical because of the fluctuation of the graphite layers. In addition, during the cold compression some atoms may stay coplanar, making parts of the π bonds symmetrical, leading the graphite to an sp 2 -sp 3 structure. After the transition state, the main transformation of the electron orbits is the formation of sp 3 bonds among layers. Thus, we call this final stage the bonding stage.
For the HG → CD transition, the transition path that we calculated at 10 GPa, as shown in figure 1 , is very similar to those in earlier studies [12, [14] [15] [16] [17] . To display the relative motion among the atoms during the transition, two atoms are marked '+' and located at two neighbor graphite layers. The graphite slides from hexagonal ( figure 1(a) ) to rhombohedral ( figure 1(b) ), and the energy and the force undergo little change in the sliding stage (the first 17 images in figure 1(f) ). Meanwhile, the π electronic clouds still retain the near mirror symmetry about the graphite layer, with the dumbbell shape of p electrons ( figure 1(b) ), due to the very weak interaction between two neighbor graphite layers. However, the competition between the 'intralayer' effect and the 'interlayer' effect plays an important role in the buckling stage (17th to 21st images in figure 1(f) ). The intralayer effect arises from the electronic clouds trying to restore themselves to having mirror symmetry about the graphite layer. The interlayer effect arises from the clouds attempting to overlap each other. At the beginning of the buckling stage (17th to 20th images in figure 1(f) ), the asymmetric electronic clouds supply a restoring force directed from the cloud regime with higher density to the one with lower density (directed to the equilibrium positions), to make the layer 're-coplanar'. The energy and the restoring (repulsive) force increase considerably, because the atoms marked '+' are far away from the equilibrium graphite layers. At the end of the buckling stage (the 20th and 21st images in figure 1(f) ), although the attractive force originating from the partial overlapping of the electronic clouds between the two atoms marked '+' can partially offset the restoring fore caused by the symmetry restoring effect, the restoring force is still dominant. As a result, the energy increase reaches a maximum and then an energy barrier is formed, and the net force acting on the atoms becomes zero because the restoring force is completely balanced by the attractive force (caused by the partial overlap of the electronic clouds), at the transition state (figure 1(c) and the 21st image in figure 1(f) ). In the bonding stage, the greater overlap of electronic clouds makes the attractive force dominant and the energy reduce. At the 23rd image (figures 1(d) and (f)), the net force dominated by the attractive force reaches its maximum. Furthermore, the complete overlap of the electronic clouds leads to the π bonds being broken and then the σ bonds are formed ( figure 1(e) ). The repelling of the two atoms offsets the attraction. Finally, the force decreases to zero and the energy becomes the lowest (the 25th image in figure 1(f) ). The VC-NEB calculated energy barriers are similar to the data from the related studies [12, 14, 16] , as listed in table 1. The HG → HD phase transition has two paths (the AA-path and the O-path) with different orientations [13] [14] [15] [16] [17] . The former path is absent in the experiments. For the O-path, the orientation relationship is as follows: the HG (001) [100] system matches the HD (100) [100] system. This orientation is qualitatively confirmed experimentally [8] . The traditional NEB method with the fixed cell [17] yields the proposal of this O-path. As shown in figure 2, the OG structure ( figure 2(b) ) is formed by sliding the graphite layers at the end of the sliding stage. In the buckling stage, the planar graphite layers transform to 'armchair' buckling layers. For example, atoms 3, 4 and 7, 8 move up while atoms 1, 2 and 5, 6 move down ( figure 2(c) ). When the distance is further reduced in the bonding stage, through passing through the TS ( figure 2(d) ), the HD structure is formed with σ bonds between atoms 2, 7 and 1, 8 ( figure 2(e) ). Although this transition is similar to the HG → CD transition, they have different stacking sequences and different bonding directions. It should be pointed out that this O-path has a higher energy barrier than the HG → CD transition, even higher than that of the AA-path (as discussed in figure 5) . Thus, the result for the O-path needs to be improved. To resolve this discrepancy, the VC-NEB method is imposed on the O-path as mentioned above. We find that this O-path is unstable and spontaneously converted to another path, which significantly reduces the energy barrier.
We predict a new transition path from graphite to HD, designated as the R-path, to avoid confusion with the O-path. In this R-path, the graphite is transferred into the RG structure by sliding at the end of the sliding stage ( figure 3(b) ). Subsequently, the graphite layers are puckered in the buckling stage. As shown in figure 3(c) , the largest displacement takes place at atoms 1, 4 and 5, 8 (atoms 4 and 8 move up while atoms 1 and 5 move down), and a tilted plane composed of four atoms (1-4 or 5-8) exists in one cell, which is absent in the O-path and in the AA-path. This results in a 'zigzag' buckling pattern. At this time, only half of the original π clouds lose the mirror symmetry and attempt to overlap. The transition state is a structure with both sp 2 and sp 3 bonds ( figure 3(c) ), which could be called an sp 2 -sp 3 transition state. More interestingly, although the remaining π bonds retain their mirror symmetry, they have lost the restoring ability in the HG → CD transition. Thus, the sp 2 -sp 3 structure becomes the transition state, instead of the local minimum. Finally, the remaining π bonds transit to σ bonds by puckering the flat unit in the bonding stage ( figure 3(e) ).
Among the transition paths from graphite to CD and HD, the R-path is special. In the R-path, not all hexagons are buckled simultaneously, leading to bonding in different steps. Thus, it should have lower symmetry and more freedom, providing the possibility of a lower energy barrier. In addition, the O-path has a pair of electronic clouds of high density around the corners of the 'armchair' buckling layers, which would offer a strong repelling effect, increasing the energy of the transition state ( figure 2(d) ). The R-path could avoid the formation of a state with higher energy with the 'zigzag' sp 2 -sp 3 transition state ( figure 3(c) ).
Another path of the HG → HD transition is the AA-path, which describes the direct transition in a hexagonal system. As shown in figures 4(a) and (e), the orientation relationship is as follows: HG (010) [001] matches to HD (010) [001] . In Figure 5 . Pressure-induced energy barriers of the HG → CD and HG → HD transitions. The O-path was calculated using the traditional NEB method with fixed cell and the others were calculated using the VC-NEB method.
the sliding stage, HG needs to slide from its own AB stacking toward the AA stacking, which has a higher energy due to its unstable stacking sequence. Our VC-NEB calculation suggests that the sliding stage could be divided into two steps. In the first step, pure sliding occurs without compression of the graphite layers. The distance between layers becomes slightly larger, to match the stacking sequence ( figure 4(b) ). In the second step, the graphite layers are compressed and slide simultaneously toward the normal AG ( figure 4(c) ), which may provide an effective way to avoid the higher energy of AG. Subsequently, the buckling of the graphite layers leads to the formation of asymmetrical π bonds ( figure 4(d) ). Finally, the π bonds meet to form σ bonds and the transformation of HD is completed ( figure 4(e) ). Meanwhile, the band exchange occurs in the bonding stage. Thus, the corresponding orbits are selected for describing the electronic transition.
The absence of an AA-path is a problem in theoretical research. Fahy et al [13] believed that graphite could not form HD in its [001] orientation, because not only does AG have higher energy than RG but also AG has no intersection with RG in the energy-volume diagram. However, body-centered tetragonal C4 (bct-C4) [29, 30] could provide a theoretical explanation for cold-compressed graphite, as the graphite must go through AG in the transition to bct-C4 [17, 30] . Furthermore, the energy of AG is considerably lower than that of the transition state between graphite and diamond. If the excitation can make the system reach the transition state, it must be possible to obtain AG. Thus, the absence of this path may have other reasons.
We consider the absence of the AA-path in experiment as evidence confirming the importance of the sp 2 -sp 3 transition state and the superiority of the R-path. The AA-path is a zigzag path with an unstable stacking sequence. Moreover, its energy barrier is higher than those of HG → CD and the R-path but lower than that of the O-path when the external pressure is beyond 10 GPa, as shown in figure 5 . The AA-path needs all the π bonds to facilitate warping. In this situation, CD is more competitive than HD because of its lower energy product and barrier, while HD is hardly formed. However, the local π band structure will lead to HD through the R-path because of the sp 2 -sp 3 local configurations. In contrast, the possibility of an AA-path is slight because this path contains no sp 2 -sp 3 transition state.
Pressure plays an important role in reducing the energy barrier in the transition from graphite to diamond. On increasing the pressure from 0 GPa to 30 GPa, the energy barriers of all the paths decrease from 0.33 eV to 0.10 eV for HG → CD, from 0.39 eV to 0.16 eV for the O-path, from 0.35 eV to 0.10 eV for the R-path, and from 0.34 eV to 0.13 eV for the AA-path (figure 5). Consequently, the phase transition at low pressure should have a low possibility due to the high energy barriers. Under these conditions, some catalysts are helpful in the conversion [31] because they can decrease the energy barrier effectively. As the pressure increases, the energy barriers fall, leading to a tendency toward a phase with low energy and high density, such as CD and HD. In particular, when the applied pressure is beyond 10 GPa, the R-path has the lowest energy barrier among the three paths from graphite to HD.
Although the sp 2 -sp 3 transition state going from graphite to diamond is special, our VC-NEB calculations reveal that it has universality in the transition from graphite to several metastable forms of carbon, such as bct-C4 [29, 30] and M-carbon [32] . The sp 2 -sp 3 transition state should be adjusted to match the final product in the stacking sequence and the coplanar unit. As shown in figure 6, if we reverse and then slide the A layer of the transition state in the R-path ( figure 6(b) ), we will obtain a transition state which exists in the graphite to bct-C4 stacking sequence ( figure 6(c) ). For the state of transition to M-carbon, however, the A layer should be a coplanar hexagon ( figure 6(d) ), which is different from the coplanar unit in the state of transition to bct-C4 and HD. Thus, the sp 2 -sp 3 transition state is an important intermediate state in the cold compression of graphite.
Conclusions
In conclusion, we have performed a comprehensive study on the transition path from graphite to diamond using the VC-NEB method. The energy barriers in going from graphite to CD and HD (the R-path and the AA-path) are calculated. To give a comparison, the energy barrier of the O-path transition from graphite to HD is calculated using the traditional NEB method with fixed cell. The electronic orbits are also calculated, to describe the bond transition. The results suggest that the asymmetrical π bonds are of great importance in the bond transition. Furthermore, the calculated R-path from graphite to HD reveals that the existence of the sp 2 -sp 3 transition state plays an important role in the transition. These results provide a solid insight into the transition from graphite to diamond and help us to understand the transformation of carbon-based structures.
